Childhood onset spinal muscular atrophy (SMA) is a common autosomal recessive disorder primarily characterized by the loss of lower α motor neurons. The underlying chromosomal defects causing SMA have been found in the survival motor neuron (SMN) gene. SMN has been shown previously to play a role in both snRNP biogenesis and mRNA processing, although direct evidence for the relationship between SMN and disease pathology has not been elucidated. SMN orthologues have been isolated in many species including Caenorhabditis elegans and Danio rerio. To study the function of SMN, we have identified and characterized the Schizosaccharomyces pombe orthologue of human SMN, smn1 + . We have demonstrated that smn1 + is essential for viability in S.pombe and yeast expressing missense mutations in Smn1p, which mimic mutations in patients with Type I SMA, show significant mislocalization of the protein and a decrease in cell viability. Wild-type Smn1p is localized predominantly in the nucleus whereas yeast expressing Smn1p with missense mutations or deletions of specific domains of the protein accumulate cytoplasmic aggregates. Overexpression of Smn1p results in an increase in the growth rate of cells. Furthermore, mutations within two highly conserved protein interaction domains have a dominant-negative effect on growth, indicating that each domain is of functional significance in S.pombe. These dominant phenotypes can be suppressed by overexpression of murine Smn in the same cell. Given the structural and functional similarities between the protein in fission yeast and higher eukaryotes, S.pombe will be an ideal organism to study the role of SMN in RNA processing.
INTRODUCTION
Childhood onset proximal spinal muscular atrophy (SMA) is an autosomal recessive genetic disorder that is characterized by the loss of lower α motor neurons and proximal muscle wasting. SMA has an estimated incidence of 1 in 10 000 live births and a carrier frequency of 1 in 50 (1) . Severity of SMA varies across a broad spectrum of phenotypes (2) . The most severe form, Type I SMA (Werdnig-Hoffmann disease; OMIM 253300) has an onset either in utero or shortly after birth, resulting in death before 2 years through respiratory failure. Type II SMA (OMIM 253550), the intermediate form, has onset before the age of 18 months and patients are unable to walk. Survival is dependent on the amount of respiratory involvement. The milder form, Type III SMA (KugelbergWelander disease; OMIM 253400) has an onset after 18 months with patients able to move unaided.
The causative defects of SMA in all three forms have been mapped to chromosome 5q13 (3) (4) (5) . Patients demonstrate either deletions or mutations within the survival motor neuron (SMN) gene mapped to this critical region (6) (7) (8) (9) . Two almost identical copies of SMN exist within a duplicated 500 kb fragment: SMN1, the most telomeric copy, and SMN2, the centromeric copy. Two exonic nucleotide differences distinguish SMN1 from SMN2 although no amino acid differences result (10) . SMN1 produces predominantly fulllength transcript as well as alternatively spliced message lacking exon 5; whereas the SMN2 gene mainly produces transcripts lacking exon 5, 7 or both (6, 11, 12) . SMN2 also produces a reduced amount of full-length message. Deletions, mutations and gene conversion events in SMN1 have been reported in 95% of SMA patients (6, 8, (13) (14) (15) (16) . Deletion of SMN2 occurs in 5% of normal individuals and is not associated with the disease (6) . A correlation between SMA phenotype and copy number of SMN2 exists, indicating that SMN2 is able to partially compensate for the loss of SMN1 protein (16) (17) (18) . There is also a direct correlation between the amount of protein present and SMA phenotype (19, 20) .
SMN is ubiquitously expressed and has recently been shown to play a role in RNA splicing and snRNP biogenesis (21) (22) (23) . The protein is localized in the nucleus in structures termed + To whom correspondence should be addressed. Tel: +44 1865 272416; Fax: +44 1865 272427; Email: kay.davies@anat.ox.ac.uk gemini of coiled bodies (gems), which colocalize with coiled bodies (24) . The SMN protein has a number of functionally conserved domains. RNA-binding abilities of SMN have been reported for exon 2a (25) , whereas exon 6 is required for selfoligomerization (26) . Exon 3 of SMN shows some homology to the repetitive tudor domain of Drosophila melanogaster Tudor protein (27) . Exon 6 of SMN has a YG box motif that has been implicated in RNA binding and processing proteins (28) .
How a defect in a basal function such as snRNP biogenesis results in such a tissue specific phenotype is not well understood. Recently a dominant-negative effect was reported with a deletion mutation of the first 27 amino acids of SMN (SMN∆N27), which causes reorganization of snRNPs in the nucleus (23) . The over-expression of exon 7 deleted SMN results in a dominant-negative effect on the localization of endogenous SMN protein in gems (29) . To better understand the human SMN protein, a number of model systems have been studied. The SMN protein is highly conserved throughout evolution and a number of orthologous proteins have been analysed. Murine Smn, when deleted, results in a preimplantation embryonic lethal phenotype although the heterozygous mouse is phenotypically normal (30) . SMN is also conserved in the zebrafish, Danio rerio, and the nematode, Caenorhabditis elegans, both of which show RNA-binding abilities associated with exon 2a (31) . We have used bioinformatics to identify a putative SMN orthologue in Schizosaccharomyces pombe (fission yeast) (28) . However, no such orthologue was identified in Saccharomyces cerevisiae. These ascomycetes are not closely related in evolutionary terms and protein sequence comparisons have shown that Schizosaccharomyces pombe is as distant from Saccharomyces cerevisiae as it is from mammals (32) . Approximately 40% of fission yeast genes contain introns, nearly half with more than one, unlike S.cerevisiae genes, which rarely have introns (33, 34) . The Schizosaccharomyces pombe gene structure is more similar to that of vertebrate genes than to that of Saccharomyces cerevisiae. In addition, the splicing signals are conserved between fission yeast and mammals but not between S.cerevisiae and mammals (35, 36) . A number of fission yeast genes show a high degree of homology with genes of other species and conservation of function has been demonstrated by the functional complementation of an increasing number of Schizosaccharomyces pombe mutants with mammalian genes (37) . The study of yeast has been valuable in the functional analysis of human disease genes like ATM, the gene responsible for ataxia telangiectasia, which shows strong homology to yeast MEC1 and TEL1 (38) . Schizosaccharomyces pombe is increasingly being used as a model for functional analysis of eukaryotic genes (for a review see ref.
39).
We have therefore initiated studies of the S.pombe smn1 + orthologue to analyse the function of SMN and to determine how mutations in highly conserved regions, as well as specific missense mutations that mimic those found in SMA patients, affect cellular phenotypes. The protein product of smn1 + , Smn1p, shows a significant level of homology to the human SMN protein, in particular in domains with conserved function. We show that Smn1p is an essential protein in S.pombe. We have analysed the effects of overexpression of Smn1p and performed a mutational analysis of the S.pombe gene.
RESULTS

Characterization of S.pombe SMN orthologue sequence
We have previously reported the identification through bioinformatic methods of a putative orthologue of the survival motor neuron (SMN) protein in S.pombe (28) . Using the human SMN (GenBank accession no. Q16637) amino acid sequence for BLASTP analysis (40) on the Sanger Centre Sequencing Project database server, an open reading frame (ORF) was identified as a putative S.pombe SMN orthologue. Cosmid c2G11 contains the predicted ORF C2G11.08C (GenBank accession no. Q09808) that we have named as smn1 + in this manuscript. The 515 nucleotide ORF consists of two exons and encodes a 152 amino acid protein with predicted size of 17.4 kDa. A single transcript of ∼500 bp was identified in total RNA from growing haploid cells (data not shown). The protein has no known function and shows a high degree of amino acid conservation with human SMN and its other reported orthologues. Overall identity between S.pombe Smn1p and human SMN is ∼25% at the amino acid level. The putative peptide sequence contains stretches of amino acids that are highly homologous to two distinct regions of the SMN protein: the N-terminal region is known in human SMN to bind SIP1 (21, 22) and to be important for RNA processing and snRNP biogenesis; the C-terminal region in human SMN binds a number of proteins including fibrillarin and the Sm core proteins (22, 24) (Fig. 1A) . It is important to note that the putative YG box is highly conserved (28) . It is also noteworthy that although the overall length of each orthologue seen in Figure 1A differs, the size of the conserved regions remains similar. Evolutionary distances of the nucleotide sequence for each orthologue is diagrammatically represented in Figure 1B. 
smn1 + is an essential gene
In order to determine the effect of the loss of Smn1p function, the chromosomal smn1 + gene was disrupted with the S.pombe ura4 + gene using a one-step replacement via homologous recombination (41) . A construct was made (psmn::ura4) in which the complete smn1 + ORF was replaced by a 1.8 kb marker fragment containing the ura4 + gene (42) . A linear 3.8 kb NotI-NcoI fragment of this plasmid containing the deleted region was then used to transform a wild-type diploid strain (sp101) and transformants able to grow on media lacking uracil were selected. Stable ura4 + colonies were isolated and Southern blot analysis was used to confirm that a single copy of the ura4 + gene had integrated at the smn1 + locus (Fig. 2A ). An h 90 derivative (a revertant of h + , which produces 90% of cells able to sporulate) was isolated and sporulated to give asci containing four haploid spores each. The spores were dissected out from a number of asci on complete YES media using a micromanipulator (Singer MSM Series 200 system) and were allowed to germinate. Only two of four spores in each ascus were viable (Fig. 2B ) and all these viable spores were ura - (Fig.  2C) , indicating that the smn1 + gene is essential for cell viability.
Overexpression analysis of smn1 + and mutant derivatives
One way to analyse the putative function of a protein when that protein is essential to cell viability is to introduce mutations or deletions to create dominant-negative phenotypes. A dominant-negative phenotype arises when the presence of a mutated version of a protein is sufficient to interfere with the function of the wild-type form of the protein. Overexpression of the full-length and mutated versions of Smn1p was carried out using the pREP3X expression system under the control of the nmt1 thiamine-repressible promoter in a wild-type strain (43) (44) (45) . In order to analyse the phenotypic effect of the loss of specific domains, we designed constructs with either the 5′ or 3′ conserved regions deleted (pREP3X-5′∆smn1 and pREP3X-3′∆smn1). Additionally two missense mutations were generated to analyse the effect of SMA-causing mutations on the endogenous protein. The amino acids investigated show absolute conservation between human and fission yeast and have been reported in patients as causing SMA: Y136C (patient mutation Y272C) and G143V (patient mutation G279V).
Haploid wild-type yeast (sp557) overexpressing Smn1p showed an increase in growth rate compared with sp557 containing the vector alone suggesting, surprisingly, that in a wild-type cell Smn1p concentration is limiting growth (Fig. 3) . No effects of overexpression of Smn1p on cell viability or morphology were evident (data not shown). Overexpression of Smn1p∆N or Smn1p∆C from the nmt promoter resulted in a decrease in growth rate as compared with control cells containing vector alone. The growth rate was determined by following the culture density over time (Fig. 3B ). Both N-and C-terminal deletions resulted in a severe growth phenotype. Similarly, overexpression of proteins containing the Y136C and G143V missense mutations, both located in the region spanning the carboxy deletion, in a wild-type strain led to a decrease in viability and growth rate (Fig. 3) . Finally, the wildtype smn1 + gene on pREP4X was transformed into the strains containing the mutant constructs with expression of both the wild-type and mutant proteins induced by thiamine starvation. Overexpression of the wild-type fission yeast smn1 + overcomes the dominant interference of the mutant Smn1p protein (Fig. 4A) . Thus, all four mutated versions of Smn1p, when overexpressed in a wild-type strain of S.pombe, exerted a dominant-negative effect on cell viability. This is in contrast to the wild-type Smn1p protein, where overexpression is beneficial to the cell.
Mutations in Smn1p disrupt nuclear localization of the protein
SMN and SIP1 are part of complexes localized to both the cytoplasm and the nucleus. In the cytoplasm, SMN interacts with spliceosomal Sm proteins and participates in the assembly Cultures were incubated at 30°C with shaking. Optical density at 595 nm was measured for each culture every 2 h by the removal of 900 µl of culture and the addition of 100 µl of formaldehyde.
of the Sm core domain, participating in U snRNP assembly (21, 22) . In the nucleus, SMN functionally interacts with SIP1 and plays a role in RNA splicing. In order to begin to relate the function of fission yeast Smn1p to that of the mammalian SMN protein, we sought to determine the subcellular localization of Smn1p in yeast using a green fluorescent protein (GFP) translational fusion at the C-terminus of Smn1p. In all cells with a detectable signal, Smn1p-GFP was localized to the nucleus ( Fig. 5C and C′) . In cells expressing high levels of Smn1p-GFP a diffuse cytoplasmic signal was also evident which probably reflects differences in the copy number of the fusion construct in different cells. In marked contrast, the Smn1p∆N-GFP fusion protein showed no nuclear signal. The entire signal was cytoplasmic and present in the formation of distinct aggregates ( Fig. 5D and D′) . The distribution of the GFP signal in cells expressing the Smn1p∆C-GFP fusion protein was similar, with no nuclear signal and many cytoplasmic aggregates (Fig. 5E and  E′) . Cells expressing the Smn1p∆N-GFP and Smn1p∆C-GFP fusion proteins showed the same phenotype of low viability and reduced growth rate as cells expressing the untagged versions of the proteins (Fig. 3, and data not shown) . Consistent with this, a number of the cells in these populations had a weak or undetectable fluorescent signal (Fig. 5D , D′, E and E′). This result suggests that both the N-and C-terminal domains are required for nuclear localization but large deletions may cause the proteins to misfold or otherwise occlude a nuclear localization signal. Therefore, we examined GFP fusions of the Smn1p proteins containing missense mutations in the C-terminus. Cells expressing Y136CSmn1p-GFP or G143VSmn1p-GFP showed no nuclear signal and an extensive cytoplasmic signal (Fig. 5F , F′, G and G′). It was notable that the degree of cytoplasmic aggregation of the signal was not as pronounced in the fusion proteins containing point mutations as observed with the deletions. We conclude that the dominant-negative phenotypes resulting from the overexpression of mutated and deleted derivatives of Smn1p in fission yeast may be related to a defect in the cellular sublocalization of the proteins.
The relationship between murine Smn and fission yeast smn1 +
The homology between fission yeast Smn1p and the mammalian SMN proteins is restricted to the N-and Cterminal regions whereas the central regions are divergent. This central sequence comprises the tudor domain in SMN which is implicated in direct binding to spliceosomal Sm proteins (46) and for the cytoplasmic function of SMN in U snRNP assembly (21) . Although we have shown that mutations associated with Type I SMA in humans also produce dominant-negative phenotypes and mislocalization of the protein in fission yeast, it is not clear whether Smn1p is functionally related to or functionally homologous to the mammalian family of SMN proteins. To explore the relationship between the mammalian SMN proteins and the fission yeast Smn1p protein, we cloned the murine cDNA encoding Smn and expressed it from the nmt1 promoter on pREP4X. To explore the relationship between the murine Smn protein and the mutated and deleted derivatives of the fission yeast protein, we expressed murine Smn in a wild-type strain and in the wild-type strain expressing Smn1p∆N, Smn1p∆C and the point mutations Y136CSmn1p and G143VSmn1p, and the same mutations fused to GFP. Overexpression of the GFP fusion proteins produces the same dominant-negative effect as seen with the untagged version of the yeast protein. As in this experiment we were overexpressing both the murine and yeast proteins, it is important to demonstrate that both proteins were present in the population. We did this by inducing expression by thiamine starvation and detecting the yeast and murine proteins in whole-cell extracts. Expression of murine Smn was detected by western analysis using antibody SMN1-3 raised against exons 1-3 of human SMN that readily detects the mouse protein. Expression of yeast proteins was detected by the presence of GFP fluorescence. When co-expressed, both proteins were present in the population at similar levels to those observed in the strain expressing only one of the two proteins (data not shown). We overexpressed the murine Smn protein in a wild-type yeast strain co-transformed with the empty pREP3X vector. We observed no significant effect on viability, growth rate or morphology of the strain compared with the wild-type strain transformed with pREP3X and pREP4X ( Figs 3A and 4B) . Significantly, the overall viability and growth rate of the cells overexpressing both the murine Smn and the yeast mutant proteins was similar to a wild-type strain containing just the vector sequence or overexpressing the murine Smn protein alone (Fig. 4B ). This indicates that overexpression of the murine Smn protein complements the dominant effect resulting from overexpression of mutated versions of the yeast Smn1p. We noted that overexpression of the murine Smn protein did not alter the cytoplasmic localization of the point mutated yeast-GFP fusion proteins (data not shown). Thus, it is likely that the murine Smn protein functionally complements the loss of function of yeast Smn1p mutants evaluated, restoring viability to the cells.
DISCUSSION
In this paper we describe the identification of an S.pombe orthologue of the SMA-determining protein SMN. We show that mutations associated with Type I SMA in humans also produce dominant-negative effects on cell viability and mislocalization of the protein in fission yeast. Expression of murine Smn is sufficient to complement the dominant-negative effects on cell viability associated with expression of the mutant yeast proteins suggesting that the murine and yeast proteins have related functions. The facile genetics of the fission yeast offers an attractive model system to explore the functions of the SMN protein.
The cellular functions associated with mammalian SMN and fission yeast Smn1p are not fully understood. To date, human SMN has been reported to function in various pathways including RNA splicing and snRNP biogenesis. At the Nterminus of Smn1p is a region which shows a high level of sequence conservation with a region at the N-terminus of human SMN known to interact with SIP1. Although BLASTP analysis of the incomplete S.pombe genome sequence database failed to reveal a fission yeast orthologue of SIP1, the complete genome sequence may yet reveal a potential binding partner. It is clear that the N-and C-terminal domains of Smn1p are important for function as overexpressing mutated versions of the protein produces dramatic phenotypes. Overexpression of a mutated Smn1p lacking the C-terminal region resulted in a dramatic reduction of cell viability and mislocalization of the protein. One interpretation of this phenotype is that the excess of the N-terminal domain in these cells is titrating out an essential protein, thereby interfering with the function of the chromosomally encoded Smn1p protein. It has been shown previously that the C-terminal conserved domain is important for SMN oligomerization. Importantly, most intragenic mutations linked to Type I SMA are located within this region and interfere with oligomerization (26, 28) . It is interesting to note that dominant-negative effects on splicing and snRNP biogenesis are observed when deleted derivatives of SMN are overexpressed. For instance, this has been observed when the first 27 amino acids of the human SMN are deleted and the SMN∆N27 protein is overexpressed (23) . Murine Smn shows a high degree of conservation with human SMN over this region, although in S.pombe smn1 + the sequence encoding these amino acids is absent. Nevertheless, this region may be part of the same protein interaction motif. A deletion of the N-terminal domain of Smn1p, resulting in overexpression of the C-terminal domain, like the human deletion, produces a dominant-negative phenotype. One possible explanation for this phenotype is sequestering of the functional Smn1p in an excess of non-functional protein, via the C-terminal oligomerization domain.
The C-terminal conserved region of SMN is also required for binding of Sm core proteins and U1 snRNP (22) . Although the Sm core proteins are not absolutely conserved in S.pombe, some orthologues have been isolated. BLASTP analysis of the S.pombe genome database reveals potential orthologous proteins for Sm D3 and F. Splicing mechanism may therefore be partially conserved in fission yeast (47) . In addition, mammalian introns can be correctly spliced in fission yeast (48) . Although we have no evidence that the C-terminal domain of Smn1p interacts with Sm core proteins, another possible explanation for the phenotype observed when this region is overexpressed is sequestration of these binding proteins.
Although SMN is involved in splicing and other cellular functions, these may have evolved since the divergence of the SMN lineage. Fibrillarin also binds SMN at the C-terminal region and is highly conserved throughout evolution. S.pombe fibrillarin (49) shows high evolutionary conservation with other orthologues and appears to have the same properties in different organisms: it is localized within the nucleus (50) and is associated with U3 snRNA (47) . It is possible, as with human SMN (22) , that the C-terminal conserved domain in fission yeast Smn1p may interact with Sm protein and fibrillarin.
Both missense mutations analysed here would be predicted to present Type I SMA phenotypes if present in the human SMN protein. These mutations in SMN are known to affect oligomerization (26) and the Y272C mutation does not stimulate splicing (23) . The Y272C mutant protein fails to oligomerize and as a result is unable to interact with Sm proteins (51) . Both the C-terminal mutations in SMN, Y272C and G279V, show an increased propensity to associate with wild-type SMN and a decreased propensity to self-oligomerize (52) . This behaviour provides an explanation for the dominantnegative phenotype observed when Smn1p containing mutations at these conserved residues is overexpressed in yeast.
GFP-tagged Smn1p reveals a predominantly nuclear localization. Human SMN localization is highly dependent on the cell type or tissue being investigated (53, 54) . SMN is found associated with gems in the nucleus (24, 55) . No gem-like structures were visible in fission yeast under the light microscope; instead a diffuse nuclear signal was observed. To date, there have been no reports of gem formation in S.pombe. SMN is also localized in the cytoplasm with a diffuse distribution. Although we only observe a cytoplasmic signal in cells with high levels of Smn1p-GFP expression, smn1 + may have specific cytoplasmic functions. It is uncertain whether it is the nuclear SMN protein distribution or localization that is affected in SMA. What is very marked, however, is the effect of deletions or point mutations on the distribution of Smn1p in the cell. There is no obvious nuclear localization signal in Smn1p suggesting that the Smn1p may require association with one or more proteins before import into the nucleus. The fact that nuclear localization is disrupted when either the N-or C-terminus of the protein is deleted would support this idea and further suggests that both domains on the protein form productive interactions required for nuclear localization.
Ablation of smn1 + results in a haploid lethal phenotype. This is similar to the lethality of the murine homozygous knockout (30) and the lethality demonstrated with double-stranded RNA interference in C.elegans (56) . Both the metazoan and yeast proteins have essential functions and it is clear that the murine and yeast proteins are functionally related. Some functions of Smn1p, for instance the putative protein-interaction domain at the N-terminus of the protein, may be sufficiently conserved with the mammalian protein that a productive interaction with host-specific partners is possible, although the overall functions of the final complex are divergent. Our data showing the ability of the murine protein to rescue the dominant phenotypes associated with overexpression of mutant versions of Smn1p support the idea of some functionally similar domains. The fact that overexpression of the murine protein has no obvious effect on the yeast suggests that the murine protein does not interfere with function of the wild-type yeast protein.
The dominant effects reported here are in contrast to the recessive nature of SMA. However, that may simply reflect that fact that the mutant proteins are overexpressed in the yeast, as a dominant-negative effect has been reported with overexpression of a deleted human protein. How loss or mutation of SMN results in the specific neuronal phenotype associated with SMA is still unknown. Analysis of model systems such as mouse may aid in understanding this problem. Analysis of mammalian SMN in fission yeast may eventually lead to an understanding of the primary functions of these proteins.
MATERIALS AND METHODS
Yeast strains and media
The yeast strains used in this study were: sp557, haploid wildtype (h -, ade6-M210, ura4D -18, leu1-32) , and sp101, diploid wild-type (h + /h + , ade6- 704/ade6-704, ura4D-18/ura4D-18, leu1-32/leu1-32) . Strains created during this study were: spOX400 (h + /h + , smn1 + /smn1::ura4 + , ade6-704/ade6-704, ura4D -18/ura4D-18, leu1-32/leu1-32) and spOX402 (h + /h 90 , smn1 + /smn1::ura4 + , ade6- 704/ade6-704, ura4D-18/ura4D-18, leu1-32/leu1-32) .
The media used for growth of fission yeast strains was YES (0.5% yeast extract, 3% glucose plus amino acid supplements) or Edinburgh minimal medium (EMM2) (57) . EMM2 was supplemented with amino acids for selection as required. For sporulation, low nitrogen agar was used which is made as for EMM2 except that NH 4 Cl is reduced from 5 g/l to 300 mg/l. Expression plasmids used were pREP3X and pREP4X (43, 44) .
Identification of S.pombe SMN orthologue (smn1 + )
As previously reported we identified the full-length sequence of smn1 + from Blast searches using the full-length human SMN (GenBank accession no. Q16637) as bait through the Sanger Center S.pombe sequencing project Pombase (http:// www.sanger.ac.uk/ ). Cosmid c2G11 from chromosome 1 contains this putative ORF denoted C2G11.08C which has a hypothetical protein size of 17.4 kDa.
Cloning of smn1 + and mutants
PCR primers were designed to amplify the ORF with restriction sites for cloning (spsmn-f, cggtcgaccgATGGACCAGAGC-CAAAAAGAAG, and spsmn-r, cgcggatccgcgATCTT-TACGTTGCTCACTTTTAGC). Amplification was carried out on a pREP3X/cDNA library (a kind gift of Chris Norbury, ICRF, University of Oxford, UK) with a T a of 56°C and extension time of 60 s. The PCR product was cloned into the pGEM T vector system (Promega, Southampton, UK). The insert was sequenced on both strands to confirm the ORF. Sequence was analysed using the Wisconsin Genetics Computer Group (GCG) package. smn1 + contains a single intron and this was absent from the cloned insert, confirming the amplicon to be of a cDNA. The insert was excised from pGEM T through digestion with SalIBamHI and directionally cloned into the pREP3X SalI-BamHI sites.
Deletion mutants 5′∆smn1 and 3′∆smn1 were generated with PCR primers designed to sequence adjacent to regions to be deleted (spsmn-∆5, cggtcgaccgATGGAAACCGCTTTACAT-GAATTC, paired with spsmn-r, and spsmn-∆3, cgcggatccgcgCTTTTTGTAAAGTCTCGTC, paired with spsmn-f). 5′∆smn1 has amino acids 2-17 removed and 3′∆smn1 has amino acids 127-152 removed. PCR products were digested with SalI-BamHI and cloned into the SalI-BamHI sites of pREP3X. Missense mutations Y136C and G143V were generated by site-directed mutagenesis of the full-length smn1 + in pREP3X based on the QuickChange Site-Directed Mutagenesis system (Stratagene, Amsterdam, The Netherlands). All constructs were sequenced using an ABI377 automated sequencer (PE Biosystems, Warrington, UK) to confirm correct ORF.
Gene disruption of smn1 +
Homologous recombination was used to integrate cloned sequences onto the chromosome (41) . In order to disrupt the smn1 + gene genomic flanking arms were generated by PCR (leftarm primers: forward, GCCGTGCAACCTGATGGATC, and reverse, ctagtctagactagGCTATTGCTAAGATTTATTACTCC; right-arm primers: forward, gggtacccCAAGTTGTAGATAATC-TATTCCTG, and reverse, CAGCGATGAATCTCGAATCTG) and cloned individually into pGEM T vector system. The leftflanking arm was excised using NotI-XbaI digest, the right with Asp718i-NcoI digest. The 1.8 kb XbaI-Asp718i ura4 + fragment from pTZURA4 plasmid was cloned with each flanking arm into pGEM T and excised as a complete 3.8 kb linear fragment using NotI-NcoI. The resulting fragment was used for transformation of diploid sp101. Southern blot analysis of total genomic DNA isolated from stable transformants was carried out using radiolabelled probe L generated by left-arm PCR primers.
Overexpression
pREP3X based constructs were electroporated as described (58, 59) into S.pombe strain sp557 using a Bio-Rad (Hertfordshire, UK) electroporator. Colonies were grown at 30°C on selective EMM2 -leu agar in the presence of 2% thiamine to repress expression from the pREP3X nmt1 promoter. After 3-4 days colonies were streaked onto fresh EMM2 -leu and thiamine. Colonies were also streaked on selective media without thiamine and incubated at 30°C for 24 h. For analysis of growth rates 5 ml of EMM2 -leu medium containing 2% thiamine was inoculated with haploid sp557 strains containing constructs to be analysed. The cultures were incubated with shaking at 30°C for 18 h, after which time 100 ml of EMM2 -leu lacking thiamine was inoculated with 10 5 cells. Cultures were incubated with shaking at 30°C, and on hourly intervals 900 µl of culture was removed. One hundred microlitres of 37% formaldehyde was added to fix cells and optical density quantified by measurement at 595 nm.
Cellular localization of smn1 + and mutants
Each ORF (smn1 + , 5′∆smn1, 3′∆smn1, Y136Csmn1 and G143Vsmn1) was directionally cloned into the SalI and BamHI restriction sites of pGP110 (a kind gift of Prof. M. Yanagida, Department of Gene Mechanisms, Kyoto University, Japan) resulting in a C-terminal translational GFP fusion protein. The constructs (pGP110-smn1, pGP110-5′∆smn1, pGP110-3′∆smn1, pGP110-Y136Csmn1 and pGP110-G143Vsmn1) were transformed by electroporation into strain sp557, grown on selective EMM2 -leu and 2% thiamine. Single colonies were used to inoculate selective EMM2 for 18 h at 30°C with shaking. GFP-tagged protein localization and DAPI staining was carried out by treating cells with 10% formaldehyde at 30°C for 30 min. Triton X-100 was added to permeabilize the cells, which were then washed with phosphate-buffered saline (PBS). Cells were centrifuged and resuspended in PBS after which cells were aliquoted onto the surface of poly-L-lysine-coated slides. Counterstaining with 4,6-diamidino-2-phenylindole (DAPI) was carried out by the addition of 15 µl of VectorShield mounting medium (Vector Laboratories, Peterborough, UK) containing DAPI to stain nuclear material.
Complementation with murine Smn and yeast Smn1p
Murine Smn (GenBank accession no. Q16637) cDNA was cloned into the SalI-BamHI restriction sites of pREP4X (a kind gift of Paul Nurse, ICRF, London, UK). The resulting plasmid (pREP4X-Smn) was transformed by electroporation into strain sp557, alongside the native vector pREP4X as control, and selected for with EMM2 -ura with thiamine medium. Into these strains all previous constructs containing the yeast ORFs were electroporated and selected for. Overexpression of the murine Smn in combination with S.pombe ORFs was carried out as for previous overexpression analysis using EMM2 -ura -leu selective medium.
Complementation of growth phenotypes with S.pombe Smn1p was carried out by co-transformation of pREP3X constructs containing yeast ORFs with pREP4X-smn1 + . pREP4X-smn1 + was generated by the digestion of pTZURA4 with KpnI-PstI to isolate the ura4 + ORF which was ligated with pREP3X-smn1 + digested with KpnI-PstI. The resulting plasmid was identical to pREP3X-smn1 + but with the ura4 + ORF for selection instead of leu2 + . Overexpression was carried out as previously described using EMM2 -ura -leu selective medium.
